Despite the advent of new techniques for genetic engineering of bacteria, allelic exchange through 21 homologous recombination remains an important tool for genetic analysis. Currently, sacB-based 22 Importance 40
vector systems are often used for allelic exchange, but counter-selection escape, which prevents 23 isolation of cells with the desired mutation, limits its utility. To circumvent this limitation, we 24 engineered a series of "pTOX" allelic exchange vectors. Each plasmid encodes one of a set of 25 inducible toxins, chosen for their potential utility in a wide range of medically important 26 Proteobacteria. A codon-optimized rhaS transcriptional activator with a strong synthetic ribosome 27 binding site enables tight toxin induction even in organisms lacking an endogenous rhamnose 28 regulon. Expression of the blue amilCP or magenta tsPurple non-fluorescent chromoproteins 29 facilitates monitoring of successful single-and double-crossover events using these vectors. The 30 versatility of these vectors was demonstrated by deleting genes in Serratia marcescens, 31
Escherichia coli O157:H7, Enterobacter cloacae, and Shigella flexneri. Finally, pTOX was used to 32 characterize the impact of disruption of all combinations of the 3 orthologous S. marcescens 33 peptidoglycan amidohydrolases on chromosomal ampC beta-lactamase activity and corresponding 34 beta-lactam antibiotic resistance. Mutation of multiple amidohydrolases was necessary for high 35 level ampC derepression and beta-lactam resistance. These data suggest why beta-lactam 36 resistance may emerge during treatment less frequently in S. marcescens than in other AmpC-37 producing pathogens like E. cloacae. Collectively, our findings suggest that the pTOX vectors 38 should be broadly useful for genetic engineering of Gram-negative bacteria. 39
Recently, a powerful negative selection system using inducible toxins derived from toxin-antitoxin 76 systems or from Type VI secreted effector-toxins was developed for use with recombineering (11). 77
Here, we repurpose these toxins for use in allelic exchange and engineer a counter-selection 78 escape surveillance system using visible chromoproteins derived from the Acropora millepora 79 coral. We demonstrate the utility of these new allele exchange vectors, designated "pTOX," in 80 multiple medically important Proteobacteria. These vectors were used to systematically delete all 81 combinations of the three peptidoglycan hydrolases in Serratia marcescens to characterize their 82 contributions to beta-lactam antibiotic resistance. 83
84
Results 85
Engineering and testing of pTOX vectors 86
The motivation for this work arose from our difficulties adapting common genetic tools for use in 87
Serratia marcescens, an Enterobacteria that is a common cause of healthcare-associated urinary 88 tract infections, pneumonia, and bacteremia (12). While chemical-and electro-transformation is 89 possible in many S. marcescens strains (13, 14), it is often cumbersome and inefficient, which 90 reduces the utility of Lambda red recombinase-and CRISPR/Cas9-based systems for genetic 91 manipulation. Because of this, we sought to construct a conjugatable allelic exchange vector for S. 92 marcescens that would be widely useful. 93 94 Our set of new vectors (the pTOX vectors) is derived from pDS132, a sacB-based suicide plasmid 95 that contains the conditional (π-dependent) R6K origin of replication (15). The sacB cassette was 96 replaced with a rhamnose-inducible toxin obtained from the pSLC vector series (11) ( Fig 1A) . 97
Reasoning that a given toxin would be most useful in a strain that did not encode a chromosomal 98 copy of that same toxin (and presumably the corresponding antitoxin or immunity protein), we 99 identified a minimal set of three toxins (yhaV, mqsR, and tse2), of which at least one should be 100 effective in the majority of medically important proteobacteria ( Fig S1) . Additional steps in the 101 6 construction of this set of vectors included: 1) Introduction of a codon-optimized rhaS 102 transcriptional activator (16) with a strong synthetic ribosome binding site (17) to enable use of the 103 well-characterized and stringent rhamnose-inducible system for toxin activation (18) even in strains 104 that lack a rhamnose regulon; 2) introduction of a strong forward transcriptional terminator 105 upstream of the multiple cloning site, minimizing read-through into the multiple cloning site and 106 facilitating the manipulation of toxic genes; and 3) introduction of a greatly expanded polylinker 107 region (19) ( Fig 1A) to facilitate insertion of new sequences into the vectors. Two versions of this 108 set of plasmids, encoding either chloramphenicol or gentamicin resistance, were created (Supp 109 Table 2 ). All molecular cloning was performed in the presence of glucose, which inhibits toxin 110 production through catabolite repression. 111
112
The utility of each of the three toxins was validated in S. marcescens ATCC 13880, which lacks 113 rhaS and endogenous versions of the 3 toxins. First, a region homologous to the targeted 114 chromosomal locus was inserted into the pTOX multiple cloning site (see the Methods for more 115 detail and Fig 1B for a schematic). Next, conjugation was used to introduce pTOX derivatives into 116 S. marcescens. Single cross-over merodiploids were selected on the appropriate antibiotic. To 117 assess the utility of the heterologous rhaS, we then compared the growth of merodiploids to wild-118 type S. marcescens in either glucose-or rhamnose-containing media. Toxin-containing 119 merodiploids grown in glucose-containing media grew indistinguishably from wild-type, while 120 growth in rhamnose-containing media was undetectable ( Fig 2) . These observations reveal that 121 yhaV, mqsR, and tse2 enable robust growth inhibition in S. marcescens and that the exogenous 122 rhaS is sufficient for stringent control of their expression. 123 124 A limitation of the sacB counter-selection system is the occasional outgrowth of merodiploids that 125 have either mutated the sacB gene or acquired resistance to its product (9). Such counter-126 selection escape can confound isolation of double-crossover events. To assess whether counter-127 7 selection escape also confounds yhaV-, mqsR-, or tse2-based selections, we randomly selected 128 23 colonies representing putative double-crossovers (based on growth in the presence of 129 rhamnose) from 3 independent experiments for each of the three toxin-vectors. All 207 colonies 130 screened were chloramphenicol sensitive and lacked pTOX vector sequences by PCR (Table 1  131 and Fig S2) . These observations suggest that selection mediated by the 3 toxins is potent and that 132 the frequency of counter selection escape is very low. 133 134
Utility of pTOX vectors in diverse pathogens 135
To investigate the versatility of the pTOX vectors, we tested their capacity to mediate diverse allele 136 replacements, beginning with the S. marcescens hexS locus. S. marcescens ATCC 13880, like 137 many isolates of this opportunistic pathogen, produces the red prodigiosin pigment; however, 138 production is only robust at reduced temperatures, due to relief of repression mediated by the 139 negative regulator hexS (20). A pTOX derivative encoding sequences flanking hexS was used to 140 delete this regulator from the S. marcescens chromosome, resulting in prodigiosin hyperproduction 141 even at 37 o C ( Fig 3A) . Subsequently, we have replaced more than 20 loci in S. marcescens using 142 pTOX1, pTOX2, and pTOX3 (Supplemental Table 2 ). All attempts have been successful, though 143 like other allelic exchange methods, the ratio of wild-type to mutant double-crossovers can vary 144 from balanced to skewed. 145
146
We also tested the utility of the pTOX vectors in 3 additional Gram-negative pathogens. 147
Escherichia coli O157:H7 (EHEC) is an important cause of foodborne diarrhea as well as a 148 systemic microangiopathy which can lead to hemolysis and renal failure. A pTOX3 derivative was 149 used to delete lacZ, which produces a beta-galactosidase that enables wild-type EHEC to ferment 150 lactose. As seen in Fig 
Chromoproteins facilitate visual detection of pTOX transconjugants 171
Conjugation efficiency can vary between species and strains. For organisms like S. marcescens, in 172 which conjugation can be inefficient, we incorporated an additional module coding for the AmilCP 173 protein into the pTOX vectors ( Fig 4A) . AmilCP is a non-fluorescent blue chromoprotein derived 174 from the Acropora millepora coral; we sought to use its blue coloration as an additional method to 175 discriminate wild-type colonies from transconjugants. To this aim, multiple combinations of 176 promoters and ribosomal binding sites were tested to identify those which provided coloration 177 sufficient for discrimination without special equipment. 178 179 9
The series of amilCP modules were first tested in E. coli donors, where we found that the tac 180 promoter (21) or the apFAB46 promoter (22) offered the deepest blue coloration ( Fig 4B, Fig S3A) . 181
This level of amilCP expression did not incur a detectable fitness cost ( Fig S3B) ; however, several 182 strategies to increase colony coloration further (e.g increasing amilCP copy number) led to toxicity 183 and were not pursued. pTOX vectors containing amilCP driven by the tac promoter and a pTOX 184 vector expressing the magenta tsPurple chromoprotein driven by apFAB46 were created ( Fig 4C) 185 (23). Both AmilCP and TsPurple were visible in re-streaked merodiploid colonies after 24-48 hours 186 of incubation ( Fig 4D) , though coloration was not as saturated as when expressed from the pTOX 187 plasmids (which have medium-copy origins). Therefore, the pTOX chromoprotein modules may 188 prove useful for monitoring the success of single-and double-crossover, particularly in organisms 189 with inefficient conjugation. derepression and resulting beta-lactam resistance has not been performed. We found that S. 221 marcescens encodes 3 PG amidohydrolases, which, by sequence homology (30) we denote ampD 222 (WP_033641266.1), amiD (WP_016928349.1), and amiD2 (WP_048796451.1) ( Fig 5A, Fig S4) . 223
Creation of pTOX derivatives targeting each of the S. marcescens PG amidohydrolases allowed 224 the rapid generation of all combinations of single, double, and triple mutants ( Fig. S5 ). We found 225 that, of the single mutants, only ΔamiD2 had a significant increase in basal AmpC activity ( Fig. 5B) ; 226 however, this corresponded to only a 2-fold increase in cephalosporin MICs (Table 2) following the loss of a single amidohydrolase. Importantly, though current CLSI breakpoints would 281 classify the ΔampDΔamiD2 double mutant as having "Intermediate" resistance to ceftriaxone, there 282 13 is no evidence of increased clinical failure in this range (39). This is important since ceftriaxone is 283 less expensive, has more convenient dosing intervals, and is a narrower spectrum agent compared 284 to cefepime or carbapenems. Further work with additional S. marcescens isolates to clarify the 285 generalizability of our findings is warranted. Technologies and Q5 polymerase (New England Biolabs). All cloning steps were performed in π-298 carrying hosts (either DH5αpir (41) for propagation or MFD-π (42) for conjugation) under catabolite 299 repression in LB containing the appropriate antibiotic and 2% glucose (w/v). 300 301 pSLC toxin vectors were first linearized with primers prJL1 and prJL2 and joined with the fragment 302 obtained from pDS132 with primers prJL3 and prJL4 (see Supplemental Table 1 for all primers 303 used in this study). The mobRP4 from pDS132 was subsequently amplified with primers prJL5 and 304 prJL6 and assembled with the prior vectors cut with NheI. The chloramphenicol resistance cassette 305 from pON.mCherry was then amplified with primers prJL7 and prJL8 and inserted into the prior 306 vectors digested with ClaI and BglII. The π-dependent origin from pDS132 was next isolated by 307
SmaI-digestion and inserted into the prior vectors linearized with prJL9 and prJL10. A codon-308 14 optimized rhaS (with the original primary protein sequence obtained from WP_000217135.1) and 309 promoter (see Supplemental Text 1 for the sequence of all directly synthesized DNA fragments 310 used in this study) was obtained by direct synthesis and assembled into the prior vectors linearized 311 with prJL11 and prJL12. The expanded polylinker (19) with the forward transcriptional terminator 312 BBa_B1002 (IGEM) was obtained by direct synthesis (Sequence 2) and inserted into the prior 313 vectors linearized with primers prJL13 and prJL14. The artificial ribosome binding site was 314 generated using the online calculator derived after (17), synthesized as above (Sequence 3) and 315 assembled into the prior vectors linearized with prJL15 and prJL16 to generate pTOX1 (containing 316 yhaV), pTOX2 (containing mqsR) and pTOX3 (containing tse2). See Supplemental Table 2 for all 317 plasmids used in this work. For insertion of amilCP or tsPurple, the above vectors were cut with 318 SbfI and Sequence 4 and Sequence 5 inserted. For replacement of the chloramphenicol resistance 319 cassette with one encoding gentamicin resistance, the appropriate vector was linearized with 320 prJL17 and prJL18 and assembled with the cassette amplified from strain TP997 (using prJL19 321 and prJL20). See Supplemental Table 3 for all strains used in this work. Q5 GC enhancer (New 322 England Biolabs) was used for amplification of mobRP4 and tse2. 323 324 Insertion of homology targeting regions 325 pTOX vectors were cut with SmaI and the relevant homologous regions were assembled after 326 being amplified with prJL21, prJL22, prJL23, and prJL24 (for S. marcescens hexS); prAW1, 327 prAW2, prAW3, and prAW4 (for EHEC lacZ); prCJK1, prCJK2, prCJK3, and prCJK4 (for S. flexneri 328 ipgH); prJL25, prJL26, prJL27, and prJL28 (for E. cloacae ampC); prJL29, prJL30, prJL31, and 329 prJL32 (for S. marcescens ampD); prJL33, prJL34, prJL35, and prJL36 (for S. marcescens amiD); 330 and prJL37, prJL38, prJL39, and prJL40 (for S. marcescens amiD2). Note that some of the overlap 331 regions in the above primers correspond to a version of pTOX with the original pDS132 polylinker. 332 333 Allelic exchange with pTOX 334 15 On day 1, the appropriate upstream and downstream sequences from the targeted pathogen are 335 amplified from gDNA in separate PCR reactions. After column purification of the resulting PCR 336 product (Denville), the products are assembled with pTOX previously gel-purified after restriction 337 digestion of the polylinker and electroporated into an E. coli strain that could serve as donor in 338 conjugation. Throughout this work, we routinely used the diaminopimelic acid (DAP) auxotroph 339 MFD-π (42) as the pTOX donor strain. Unless specified, all subsequent steps are performed in the 340 presence of 2% glucose to avoid premature toxin induction. On day 2, colony PCR was performed 341 on single MFD-π transformant colonies to confirm the appropriate insert size. On day 3, 342 conjugation was performed between the MFD-π bearing pTOX and the pathogen of interest. 343
Optimizing the conjugation is crucial. For example, we found that conjugation was efficient at 4-8 344 hours at 37°C with a 3:1 (v/v) ratio of MFD-π:pathogen for EHEC, E. cloacae, and S. flexneri, but 345 S. marcescens had markedly better efficiency when conjugated overnight at 30°C using 50-fold 346 excess volume of an early logarithmic phase growth culture of MFD-π. Exconjugants were isolated 347 on appropriate antibiotics. On day 4, a single exconjugant colony is resuspended in 2 mL of LB 348 containing glucose (but no selective antibiotic). This culture is incubated at 37°C with agitation until 349 OD600 0.2, then washed twice with M9 salts (Sigma) with 2% rhamnose (w/v) before plating on the 350 M9-rhamnose agar described below. A short preliminary outgrowth in broth without selection 351 minimizes the possibility of the culture becoming dominated with a single double-crossover 352 rhamnose-resistant clone. On day 5, the desired mutants can be identified with colony PCR on the 353 resulting double-crossover colonies. The selection is stringent and in this manner, individual 354 colonies can frequently be isolated from a plate inoculated with the undiluted washed culture from 355 above, but 10 -1 and 10 -2 dilutions should also be plated. 356
357
For the experiments described in Table 1 were taken at 24h and 48h and saturation obtained by splitting the resulting image into an "HSB 378
Stack" in ImageJ. The peak saturation was subsequently obtained using the "Measure" function, 379 then normalized by subtracting the peak saturation of the resulting spots from spots of E. coli 380
DH5αpir carrying pTOX1 without amilCP. The resulting values represent the mean ± SEM of this 381 procedure done on 3 different days. 382 383 Beta-lactamase assay 384
Overnight cultures of indicated strains were back-diluted 1:100 (v/v) into fresh media and grown for 385 an additional 2 hours. Bacteria were then pelleted, washed twice in phosphate-buffered saline, and 386 then flash-frozen in liquid nitrogen. On the day of the assay, pellets were thawed at 37°C and then 387 subjected to a single round of sonication on ice (Sonic Dismembranator 60, Fisher Scientific, 388 setting 8, 5 seconds). Lysates were clarified by centrifugation at 20,000 rcf for 60 minutes at 4°C. 389
Total protein was quantitated by fluorometry using the Qbit Protein Assay Kit (Thermo Fisher). 390
Beta-lactamase activity was determined by the addition of 80 ng nitrocefin to either 250 ng or 1000 391 ng of total protein; to facilitate accurate quantitation, 250 ng was used for all cefoxitin-induced S. 392 marcescens samples and also for the ΔampDΔamiD2 double mutant and the triple mutant. 393
Immediately after addition of nitrocefin with a multi-channel pipettor, absorbance was read 394 kinetically at 495 nm every 5 minutes in a Synergy HT plate reader (BioTek). For Figure 5 , the 395 slope of the absorbance was normalized to wild-type S. marcescens and the amount of total 396 protein added. 397
398

Minimum inhibitory concentration (MIC)_determination 399
Minimum inhibitory concentrations were determined for the indicated S. marcescens isolates and 400 performed by broth microdilution according to CLSI guidelines and after Weigand et al (45) . Briefly, 401 overnight cultures were back-diluted in cation-adjusted Mueller-Hinton broth, allowed to grow for 2 402 hours, and adjusted to a final inoculum of 5 x 10 5 colony-forming units per mL before applying to 403 wells with the appropriate antibiotic concentration. Results were read after 20 hours of incubation 404 at 37°C. The results in Table 2 marcescens peptidoglycan amidohydrolase deletions lead to differential derepression of ampC. A) Phylogenetic analysis performed using the Maximum Likelihood method and JTT matrixbased model in MEGA X. An unrooted tree is shown with the lowest log likelihood (-4913). Scale bar = 0.2 substitutions per site. B) Clarified sonicates from indicated strains were incubated with equal amounts of nitrocefin, a chromogenic cephalosporin beta-lactam, and absorbance measured in kinetic mode for 10 minutes. The slope of the line from the first 5 data points were used to calculate betalactamase activity, which was then normalized to Wt. Measurements are shown either without preinduction, and those with induction with cefoxitin 4 μg/mL for 2 hours prior to harvesting. Data represent the mean ± SEM of 4 independent experiments. Comparisons were made between all uninduced mutants and Wt, and between each induced sample and its uninduced control. * = p < 0.05 after performing Bonferroni correction. All induced samples are also significantly different from their uninduced samples, except for ΔampDΔamiD, ΔampDΔamiD2, and the triple mutant. These asterisks are not shown for clarity. 
